Abstract Docetaxel is primarily metabolized by CYP3A4 and susceptible to alterations in clearance by CYP3A4 inhibition and induction. Imatinib is a CYP3A4 inhibitor. A phase I study of docetaxel and imatinib in metastatic breast cancer (MBC) was conducted to test the hypothesis that imatinib decreased docetaxel clearance. Docetaxel was administered weekly 9 3 with daily imatinib, repeated every 28 days; during cycle 1, imatinib was started on day 8. Docetaxel and imatinib pharmacokinetics, and hepatic CYP3A4 activity (erythromycin breath test) were evaluated during cycles 1 and 2. Toxicity and efficacy were assessed. Twelve patients were enrolled to three docetaxel/imatinib dose levels: 20 mg/m 2 /600 mg (DL1), 25 mg/m 2 /600 mg (DL2), and 25 mg/m 2 /400 mg (DL2a). Median number of prior chemotherapy regimens was 2 (range, 0-8). Toxicities were primarily observed at DL2; dose-limiting toxicities were Grade 3 transaminase elevations and diarrhea, and 5 patients had grade 2 nausea. Two patients had partial responses (7 months); two stable disease (2 and 4 months); five had progressive disease. Despite a 42% decrease in CYP3A4 activity after 3 weeks of imatinib co-administration, docetaxel clearance was unchanged. Mean ± standard deviation steady-state imatinib trough concentration (2.6 ± 1.2 lg/ml) was approximately 2.6-fold higher than previously observed in other cancer populations, and likely contributed to the poor tolerability of the combination in MBC. In conclusion, imatinib inhibited CYP3A4 but did not affect docetaxel clearance. Clinically, further investigation of this combination in MBC is not warranted due to excessive toxicities. However, these unexpected pharmacokinetic findings support further investigation of mechanisms underlying docetaxel elimination pathways.
Introduction
Docetaxel is an antineoplastic agent that acts as a microtubule stabilizer, leading to mitotic block in proliferating cells [1] . Chemotherapy regimens incorporating docetaxel have demonstrated a survival benefit over non taxanecontaining regimens, alone or in combination with biologic therapies, in both the adjuvant and metastatic breast cancer settings [2] [3] [4] [5] [6] . However, new agents and combination regimens are needed to improve the efficacy of current therapies and patient outcomes. Targeted agents, such as small molecule tyrosine kinase inhibitors, may help reverse chemotherapy resistance and enhance response to standard chemotherapy in patients with breast cancer. Promising preclinical and clinical data led to the initial investigation of imatinib in patients with advanced disease [7] [8] [9] .
Imatinib is a small molecule inhibitor that targets the ABL, c-KIT, and platelet-derived growth factor receptor (PDGFR) protein tyrosine kinases and numerous other kinases [10, 11] . PDGFR expression is present in breast cancer tissue and surrounding stromal cells [12] , and inhibition of PDGFR signaling has been shown to decrease interstitial fluid pressure and enhance delivery of chemotherapy to tumors [13, 14] . High expression of oncogenic c-KIT has also been identified in the ''basal''-like breast cancer subtype [15] . In preclinical breast cancer models, imatinib inhibited cell growth and invasiveness [7] , and sensitized cells to chemotherapy [8] .
The impact of a novel therapeutic agent such as imatinib on docetaxel pharmacokinetics, which could ultimately affect safety of this and other drug combinations, has not been examined. Previously, a drug interaction study in cancer patients demonstrated that docetaxel clearance is reduced by approximately 50% in the presence of the CYP3A4 inhibitor ketoconazole [16] . The clinical relevance of this drug interaction was demonstrated previously; a reduction in docetaxel clearance by as little as 25% was associated with a significant increase in the odds of developing febrile neutropenia [17] . Imatinib has been shown to inhibit CYP3A4 in vivo using the erythromycin breath test as a phenotypic probe [18] . We conducted a phase I study with docetaxel and imatinib in patients with advanced breast cancer to test the hypothesis that imatinib decreases docetaxel clearance through CYP3A4 inhibition. We also evaluated the safety profile, determined the maximum tolerated dose (MTD), and attempted to identify a recommended phase II dose (RP2D) of the combination.
Patients and methods

Eligibility
Women (C18 or older) with a histologically confirmed locally advanced (stage 3b/c) or metastatic (stage 4) adenocarcinoma of the breast were eligible. Additional eligibility criteria included ECOG performance status (PS) of 0-1; measurable or evaluable disease; at least 4 weeks since prior chemotherapy or 2 weeks since prior radiation therapy; and adequate hematologic, hepatic and renal function. Prior therapy with a taxane in the adjuvant or metastatic setting was allowed.
Patients were excluded if they had untreated brain metastases, another active malignancy, serious concurrent medical conditions or pregnancy. Concomitant use of warfarin (a CYP450 substrate) or strong inhibitors/inducers of CYP3A4 were not permitted. The clinical protocol was approved by the Johns Hopkins Institutional Review Board and all subjects provided written informed consent prior to study drug administration.
Drug dosage and administration
Commercially available docetaxel was used for the study and imatinib was supplied by Novartis Oncology. Docetaxel was stored, prepared and handled per standard instructions for the commercially available product [19, 20] . Imatinib was provided as 100 mg capsules packaged in bottles. Patients were instructed to swallow tablets in a sitting position with a large (250 ml) glass of liquid and not to take with grapefruit juice.
Docetaxel was administered intravenously with dexamethasone pre-medication on days 1, 8, and 15 repeated every 28 days (one cycle). Imatinib was commenced on cycle 1 day 8 once the first set of extensive docetaxel pharmacokinetic sampling was complete. The starting dose for docetaxel was 20 mg/m 2 weekly and imatinib 600 mg daily oral continuously. The starting dose of imatinib was subsequently reduced to 400 mg daily per study amendment due to excessive nausea (Table 1) . Patients documented administration with a study drug diary and pill counts were performed. Concomitant use of colony stimulation factors was permitted on a case by case basis. Missed doses were not substituted. Treatment was continued until unacceptable toxicity, disease progression, or withdrawal of consent. 
Study design
Three to six patients were enrolled at each dose level (Table 1 ). Cohorts were expanded if one out of three patients experienced DLT. If no more than two out of six patients experienced DLT, the next cohort was treated at the next dose level. The MTD was reached if more than two out of six patients experienced DLT. The largest dose level at which less than three out of six patients experienced DLT was to be expanded to up to 12 patients to confirm the appropriateness of this dose level for future studies. Patients who were inevaluable for toxicity assessment in cycle 1 due to removal from the study were replaced to achieve a total of three evaluable patients per cohort.
Pretreatment and follow up studies
Baseline evaluations included routine history and physical examination, complete blood counts, serum chemistries and radiologic evaluations. Laboratory tests were repeated weekly during the first cycle and then before treatment and before each cycle thereafter. Clinical evaluations occurred prior to each cycle. Response of measurable lesions was assessed using Response Evaluation Criteria in Solid Tumors after cycles 2 and 4 and then every 3 cycles [21] . Patients were evaluable for response if they received two full cycles of therapy. Patients were followed for toxicity assessment for 30 days after going off study.
CYP3A4 activity CYP3A4 activity was assessed using the erythromycin breath test (ERMBT) as previously described [22] . The test was administered within 48 h of commencing cycle 1 (without imatinib administration) and on cycle 1 day 8 (with imatinib administration). A breath sample was obtained at 20 min after administration of 14 C-labeled erythromycin and shipped to Metabolic Solutions (Nashua, NH) for measurement of breath carbon dioxide. The data were reported as the flux of Pharmacokinetic sampling and analysis Docetaxel pharmacokinetics were evaluated during cycles 1 (without imatinib) and 2 (with imatinib administration) at the following time points: immediately before docetaxel treatment, 30 min into the infusion, at 59 min (just before the end of the docetaxel infusion), and post infusion at 30 min, 1, 2, 4, and 8 h; on days 2 and 3; and weekly trough levels on days 8, 15, and 22 (cycle 1). Docetaxel concentrations in plasma were quantitated using a validated analytic assay consisting of high-performance liquid chromatography (HPLC) with mass spectrometric detection [23] . The lower limit of quantitation for docetaxel was 0.0004 lg/ml. Imatinib pharmacokinetics were evaluated at the following time points during cycles 1 and 2: before the initiation of treatment, and pre-treatment the morning of days 8, 15, and 22. In addition, serial pharmacokinetic studies were performed on cycle 2 day 1 after imatinib administration at the times listed above for docetaxel. Imatinib concentrations in plasma were quantitated using a validated analytic assay based on reversed-phase HPLC with UV detection [24] . The lower limit of quantitation for imatinib was 0.2 lg/ml. Individual docetaxel and imatinib plasma concentration-time data were analyzed by noncompartmental methods using WinNonlin version 5.3 (Pharsight, Inc.) [25] . Average minimum docetaxel concentrations were calculated as an average of the pre-treatment concentrations from days 8, 15, and 22 during both cycles. Since docetaxel disposition is linear within the range of infusion durations and doses applied, the observed exposure parameters (i.e., AUC, C max , and C 168h ) in each patient was normalized to a dose of 25 mg/m 2 without applying further correction (normalized parameter = observed parameter 9 [25/actual dose]) [20] . Steady-state minimum imatinib concentrations (C ss,min ) were calculated as an average of the pre-treatment concentrations from cycle 1 day 15 through cycle 2 day 22. Imatinib C ss,min was also dose normalized to a dose of 600 mg/day due to linear pharmacokinetics over the dose range studied [26] .
Statistical analysis
Descriptive statistics were used to summarize patient characteristics, efficacy, and safety data. Pharmacokinetic parameters were summarized by descriptive statistics using dose-normalized parameters for dose-dependent parameters and actual values for dose-independent parameters. For docetaxel pharmacokinetic parameters and CYP3A activity, a Wilcoxon matched pairs signed-rank test was used to compare parameters between cycles 1 and 2.
Results
Patient characteristics
Fifteen patients with metastatic breast cancer were consented between February 2004 and May 2006. Twelve were eligible and initiated treatment on study and patient characteristics are summarized in Table 2 . A total of 33 cycles of therapy were administered and three patients did not complete cycle 1. The median number of cycles was 2 (range 1-7). Four patients received starting doses of imatinib 600 mg and docetaxel 20 mg/m 2 (dose level 1), six patients received imatinib 600 mg and docetaxel 25 mg/m 2 (dose level 2) and two patients received imatinib 400 mg and docetaxel 25 mg/m 2 (dose level 2a) ( Table 1) .
Sequence of dose levels studied and DLTs
Among four patients enrolled in dose level 1, no DLT occurred and no dose modifications were required in three evaluable patients. A fourth patient developed diseaserelated deep venous thrombosis, began anticoagulation and discontinued protocol therapy while still in cycle 1. In dose level 2, a total of 6 patients were treated. The first DLT at this dose level was a patient with grade 3 transaminase elevation who received three additional cycles following dose reduction of docetaxel. During expansion of dose level 2, a second patient experienced dose-limiting grade 3 diarrhea, but continued therapy after imatinib dose reduction with disease progression after cycle 2. One patient in this cohort came off study during cycle 1 due to progressive disease. Two of the remaining subjects developed grade 2 nausea beginning with cycle 1, which was associated with the administration of imatinib.
Although not a DLT, this toxicity was not alleviated by taking the study drug with a full stomach or splitting the daily dose in two and both patients opted to go off study after one and four cycles, respectively. Consequently, the starting dose of imatinib was reduced from 600 to 400 mg once daily and a new dose level 2a was created. Two patients were treated at dose level 2a with no occurrence of DLT and no dose modification was required. However, further enrolment was not pursued as mentioned in the ''Discussion'' section.
Safety and tolerability
Potential treatment-related toxicities of all grades and for all cycles are listed in Table 3 . Grade 3 drug-related toxicities were infrequent and were observed only at dose level 2. Grade 3 neutropenia occurred in one patient treated at dose level 2 during cycle 2 requiring docetaxel to be held for one dose. Treatment was resumed at full dose and the patient completed a total of 7 cycles of therapy with no further neutropenia. The most frequent non-hematologic adverse events were nausea (91%), fatigue (67%), alopecia (58%), and dyspepsia (58%). One patient experienced grade 3 dyspepsia (cycle 3) and grade 3 fatigue (cycle 4), and subsequently received a reduced dose of imatinib. Five patients experienced grade 2 nausea at dose level 2. ER estrogen receptor, PR progesterone receptor, ECOG Eastern Cooperative Oncology Group a 1 patient underwent chemo-embolization to liver twice also
Response evaluation
Nine patients were evaluable for response. Two patients had a partial response at first assessment and showed disease progression after 7 cycles of treatment. Both had received a prior taxane in the adjuvant (paclitaxel) or neoadjuvant (docetaxel) setting. Two patients had stable disease, but study treatment was stopped after 2 and 4 cycles due to progressive disease and persistent nausea, respectively. The other five patients had progressive disease as best response and stopped study therapy.
CYP3A activity and docetaxel and imatinib pharmacokinetics
All 12 patients completed the pharmacokinetic and ER-MBT studies during the first cycle and 7 completed studies during the second cycle (Table 4) . Five patients did not receive docetaxel nor undergo CYP3A4 testing during cycle 2. CYP3A4 activity decreased by 42% after imatinib administration (Fig. 1 ). Mean ± standard deviation ERMBT C 20 min parameter values were 0.051 ± 0.017% dose/min before cycle 1 and 0.030 ± 0.014% dose/min before cycle 2 (P = 0.016). However, the change in CYP3A4 activity did not correlate with alteration in docetaxel pharmacokinetic parameters. Docetaxel clearance was similar during cycles 1 and 2 with mean values of 16.3 ± 3.59 and 18.1 ± 4.35 l/h, respectively (P = 0.44). No differences were observed between cycles 1 and 2 for other docetaxel pharmacokinetic parameters (P [ 0.05). Imatinib pharmacokinetic parameters are summarized in Table 4 . Mean ± SD imatinib steady-state trough concentration was 2.6 ± 1.2 lg/ml. These trough concentrations fall within the higher range (4th quartile) of those observed in a large population of patients with chronic myelogenous leukemia or gastrointestinal tumor receiving imatinib 400 or 600 mg daily; trough concentrations in the 4th quartile were associated with an increased incidence of adverse events including nausea [27, 28] .
Discussion
The taxanes paclitaxel and docetaxel have emerged as a fundamental component of chemotherapy regimens for many women with breast cancer. The administration of docetaxel as a single agent or in combination with other chemotherapeutic or biologic agents resulted in a significant improvement in overall survival over non taxanecontaining regimens in the adjuvant and metastatic settings [2] [3] [4] [5] [6] . Docetaxel itself is also approved for the treatment of patients with gastric, head and neck, non-small cell lung, and hormone-refractory prostate cancer. Therefore, efforts to improve the efficacy of current therapies and overcome drug resistance led to combination studies of docetaxel with novel therapeutic agents in early phase clinical trials. However, careful pharmacokinetic and toxicity studies must be performed before embarking on larger efficacy studies testing new combinations, as potentially deleterious pharmacokinetic/pharmacodynamic interactions may occur between agents resulting in diminished efficacy and/or unacceptable toxicity. Drug interaction studies have shown that docetaxel pharmacokinetics is sensitive to inhibition of CYP3A4, the liver enzyme responsible for the metabolism and elimination of docetaxel. For example, in patients with advanced cancer, administration of the potent CYP3A4 inhibitor ketoconazole inhibited docetaxel clearance by half [16] . As imatinib has been shown to inhibit CYP3A4 in vitro and in vivo, [18] and to decrease the clearance of the CYP3A4 substrate simvastatin by 70% in vivo [29] , we anticipated that daily administration of imatinib would also decrease the clearance of docetaxel. Indeed, our data confirm those of Gurney and colleagues [18] that the daily administration of imatinib results in a 42% decrease in mean CYP3A activity as assessed by the ERMBT, an assay that has been shown to be a reliable drug elimination phenotyping probe for single agent docetaxel [30] [31] [32] . However, we observed no change in the mean docetaxel clearance value. This suggests that, in the continued presence of CYP3A4 inhibition by imatinib, docetaxel may be cleared by other elimination pathways despite CYP3A4 being the primary metabolic pathway. These other pathways may include the CYP2C8 enzyme, efflux transporters, or renal elimination, and might explain why we observed no effective change in SD standard deviation, ERMBT erythromycin breath test, C 20min flux of 14 CO 2 at 20 min after administration of the ERMBT, C max maximum plasma concentration, AUC inf area under the concentration-time curve from time zero to infinity, CL clearance, T 1/2 half-life, AUC s area under the concentration-time curve during the dosing interval, CL/F apparent oral clearance, C min,ss minimum plasma concentration at steady-state a Data is normalized to a dose of 25 mg/m clearance of docetaxel despite CYP3A4 inhibition as a result of daily continuous imatinib.
Alternatively, a possible explanation for our unexpected pharmacokinetic findings may relate to the limitations of liver phenotypic probes in general and the limitations of the ERMBT for drug interaction studies. Before being metabolized by CYP3A4, many compounds must first be taken up into the liver by a process involving carriermediated transport. It is possible that erythromycin and docetaxel may be transported into the liver by non-overlapping mechanisms. This is supported by recent in vitro data indicating that both erythromycin and docetaxel are substrates for liver OATP1B3, but docetaxel is also a substrate for liver OAT2 [33, 34] . Imatinib has previously been shown to be a substrate for OATP1B3 but not OAT2 [35, 36] . If imatinib differentially inhibits OATP1B3, docetaxel could still be transported into the liver by OAT2 and subsequently metabolized by CYP3A4. This has been observed for other drugs. As an example, altered CYP3A4 activity in vivo as assessed by the ERMBT has been associated with inhibition of most of the OATPs by rifampicin or inhibition of the efflux transporter P-glycoprotein by lansoprazole [37] . While the ERMBT is the most commonly used phenotypic probe for CYP3A4 activity, the choice of a phenotyping test to assess liver metabolism of a drug or to evaluate the effect of a drug on liver CYP3A4 activity should consider the transporters potentially involved in drug disposition.
Excessive gastro-intestinal (GI) toxicity was experienced by our patients, causing many to discontinue study therapy most frequently at the higher dose of 600 mg of imatinib. GI toxicity (and resulting dose reductions) was also observed with the combination of daily imatinib 600 mg and weekly docetaxel in hormone-refractory prostate cancer [9] . Those authors postulated that a drug interaction might explain their observation, but their study did not include any pharmacokinetic component. The increased incidence of GI toxicity may be due, in part, to the higher imatinib steady-state trough concentrations observed in our metastatic breast cancer patient population compared to previous reports in patients with chronic myelogenous leukemia or gastrointestinal stromal tumor receiving similar doses of imatinib [27, 28] . Our study was not designed to determine the effect of a weekly infusion of docetaxel on imatinib clearance, as there was no supporting preclinical data to suggest a possible interaction. The association between systemic inflammation that can occur with malignancy and inhibition of drug metabolism and transport mechanisms is well described, and it is possible that patients with metastatic cancer have intrinsically reduced imatinib clearance [38] . It is also possible that the observed GI toxicity was due to administration of both drugs in combination in the absence of a pharmacokinetic interaction.
This excessive GI toxicity in addition to more recent data comparing various taxane schedules in early stage breast cancer [39, 40] suggested that weekly docetaxel may not be an optimum taxane schedule for further development, and led us to close this trial despite evidence of clinical activity in patients previously exposed to taxanes. Along these lines, while preclinical [41] and early clinical evidence from phase I trials investigating the combination of imatinib and a taxane in prostate cancer [9] was promising, subsequent studies did not confirm these findings and questioned the value of adding PDGFR inhibitors to taxane chemotherapy in this setting [42, 43] . Studies in breast cancer patients have also yielded disappointing results. Imatinib monotherapy has no antitumor activity in metastatic breast cancer patients selected [44] or not [45] based on PDGFR expression. Phase II studies combining imatinib with chemotherapy also did not observe a benefit over single agent capecitabine [46] or docetaxel [47] . None of these trials included a pharmacokinetic component, and patients in the latter study also required imatinib dose reduction. In summary, we did not identify a recommended phase II dose for combining docetaxel with imatinib, and do not recommend further studies of this combination in breast cancer. However, our unexpected pharmacokinetic findings warrant further investigation of docetaxel elimination pathways. Factors beyond CYP3A interference affect docetaxel metabolism, and future studies must account for other enzymatic interactions and use improved CYP3A probes. More fundamentally, our study highlights the critical need to incorporate detailed pharmacokinetic studies in addition to toxicity assessments when testing novel agents in combination with standard chemotherapy drugs.
